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Figure 2.  Velocity reduction with the tidal array represented as a) individual devices and b) the whole array. The black line represents where the flow speed has 
recovered to within 5% of the upstream velocity. 
 
is increased to reduce the power produced and maintaining 
rated power PD. The power coefficient is parameterised as 
                     
A fixed relationship between the thrust and power 
coefficient has been assumed, resulting in the thrust coefficient 
above rated speed being parameterised as 
                           
The turbines, used for this study, are based on the published 
figures of the TEL Delta Stream device [5]. Each device 
consists of three 400kW rotors with a diameter of 15m. Each 
rotor reaches its rated power output at a current velocity of 
2.25m/s. Based upon these parameters, values for CP0 = 0.41 
and CT0 = 0.8 have been used. A 10MW array contains 9 
devices with 27 rotors. The hub height is 14m. It has been 
assumed that the rotor has a cut-in speed of 0.8m/s. For 
simplicity, the support structure has been modelled as a 
cylindrical monopile with a diameter of 2m and a drag 
coefficient CD = 0.9.  
As the resolutions of finite element meshes are typically 
larger than the modelled turbines, the drag force is spread over 
the area of several elements.  However, Kramer [6] showed 
that mesh resolution can influence how much energy loss is 
represented by a model. An unstructured mesh can result in 
elements of different sizes, different force may be applied to 
different elements within the same area defined as one 
turbine/array. Therefore, for the models presented, a structured 
mesh using triangular elements is used in the area where 
turbines are modelled. 
III. IDEALISED CHANNEL MODEL 
A. Numercial Simulation 
The parameterization of the tidal turbines was tested using 
an idealised channel. The channel was 14km by 3km. The tidal 
turbines were located 4km along the channel. An area of 600m 
by 400m, surrounding the tidal turbines, was discretized with a 
structured mesh with triangular elements of equal size (200 
m2). 
 
Figure 3.  Areas defining the drag of tidal turbines, modelled as a) individual 
devices and b) the whole array. 
B) 
A) 
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The rest of the mesh was discretized with an unstructured 
mesh with elements typically 1 km2. The mesh had a total of 
20,982 nodes and 41,282 elements. The channel had a uniform 
depth of 35m. The Nikuradse law for bottom friction was 
applied with a friction coefficient Cf = 0.01.  A constant 
viscosity turbulence model was used, with a velocity 
diffusivity of 10. The model was forced to provide a velocity 
of 2.7m/s through the channel. A time step ts = 2s was used. 
After a spin-up period, to ensure flow through the channel was 
steady, the simulation was run for a time t = 3 hours.  
The mesh resolution is too large for the model to simulate 
the inter-rotor effects of one device. However, it is small 
enough to model the intra-array effect of each device. 
Therefore, for comparison, the 10 MW array has been 
modelled as 9 individual devices (with the drag of three rotors) 
spread over eight elements as well as the whole array modelled 
as one area, as shown in Figure 3.  The devices were spaced 10 
rotor diameters downstream of each other and a lateral spacing 
of 3 rotor diameters. 
B. Comparison of results 
Figure 2 shows that the two approaches to modelling tidal 
arrays yield similar results. Both the overall structure and 
magnitude of the wake is similar. The boundary of the wake is 
defined as the point where the flow speed has returned to 
within 5% of the upstream velocity. However, the wake of the 
whole array is ~200m longer when compared to that of the 
individual turbines.  The maximum reduction in flow speeds in 
both cases is 0.4 m/s. However, the area over which this peak 
reduction is seen is much larger when the whole array is 
modelled as one area. Figure 4 shows the velocity profile down 
the centre line of the channel. It can be seen in the intra-array 
effects that the by-pass flow between the turbines allows for 
flow to recover quicker. This provides a more realistic 
representation of the flow field through the array and matches 
tank testing [7].  
Using Linear Momentum Actuator Disc Theory (LMADT) 
it is possible to determine the expected head drop across a 
turbine. Houlsby, Draper and Oldfield [8] show that for the 
application of LMADT in an open channel the head drop Δh 
can be determined by solving: 
 
  ቀ   ቁ    ቀ   ቁ  ቀ              ቁ              
where h is the channel depth, Fr is the Froude number, CT is 
the thrust coefficient and B is the blockage ratio. Based on the 
parameters of the model, the expected head drop across the 
individual devices is 0.051m. The results in Figure 5 show a 
head drop across the three rows of devices. It can be seen that 
there is head drop of 0.048m across the first row, a 0.048m 
drop across the second and a 0.051m drop across the last row. 
This shows a good relationship with theoretical values. 
However, this can only be applied to individual turbines or 
rows of devices. It cannot be applied to the whole array. The 
total head drop across the whole array is 7.3 cm compared to 
9.4 cm after three devices, meaning the whole array is 
underestimating head reduction. Based on the results of the 
channel model, the tidal turbines will be represented as 
individual devices. 
 
Figure 4.  Velocity (m/s) reduction across tidal array, down centre line of 
channel (m) 
 
Figure 5.  Head drop (m) across tidal array, down centre line of channel 
(m) 
IV. RAMSEY SOUND MODEL 
A. Numerical simulation 
The proposed 10 MW tidal array at St David’s Head is 
located off the Pembrokeshire coast, in South Wales. The 
model domain extends between 51.2°N - 51.4°N and 4.8°W - 
5.9°W. The unstructured mesh was discretized with 152,716 
nodes and 300,948 elements, and is shown in Figure 6. The 
mesh has a resolution of 3.6km around the open boundary, 
reducing to ~500m along the coastline. In areas of interest, 
such as Ramsey Sound and Stroma Sound, the resolution 
increases to 50m. Around areas of key bathymetric influence 
within the Sound, such as Horse Rock and the Bitches, the 
resolution is refined further, to ~10m. Horse Rock is a rock 
pinnacle, approximately 50m in diameter, and the Bitches is a 
reef. A structured mesh, with 20m triangular elements, was 
inserted at St David’s Head covering the area defined for the 
tidal array.  
Bathymetry of the area was provided by Centre for 
Environment, Fisheries and Aquaculture Sciences. The 
resolution of the bathymetry points are 1s (~30m). However, as 
bathymetry strongly influences hydrodynamic characteristics 
through Ramsey Sound, a high resolution 2m and 4m 
bathymetry, from the UK Hydrographic Office, has also been 
mapped around Ramsey Sound and the Bishop & Clerks. 
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Figure 6.  Ramsey Sound model domain 
The model was forced along the open boundaries using 11 
tidal constituents from the OSU TPXO European Shelf 1/30° 
regional model. The model uses a k-ε turbulence model. Due to 
the velocities through Ramsey Sound and the mesh resolution 
use, a model time step ts = 1s was used. The simulation was run 
for a time t = 30 days to ensure a sufficient record length for 
the use of harmonic analysis on the model results.  
B. Model validation 
Validation data has been obtained from the British 
Oceanographic Data Centre for surface elevation [9]. Free 
surface elevation comparison, between 17/05/2012 and 
16/06/2012, is taken at Milford Haven and Fishguard. Linear 
regression gives an R2 = 0.988 at Milford Haven and an R2 = 
0.979 at Fishguard. This shows an excellent correlation 
between the model and observations. The small discrepancies 
that occur are attributed to the lack of atmospheric or residual 
forcing (i.e. wind and atmospheric pressure).  
Ramsey Sound can be characterised as a complex and non-
linear tidal environment. There is a strong disparity between 
the strength of the flood and the ebb tides, with the flood 
producing faster currents through the Sound. Line transects 
using an ADCP were undertaken within Ramsey Sound, on 
behalf of the Low Carbon Research Institute Marine 
Consortium. Results of the survey are published in [10]. 
Measurements showed velocities can reach 3.5m/s on the peak 
flood and ~1.8m/s on the peak ebb. In comparison, results 
taken from the model, show the peak spring velocity is 3.4m/s 
and 1.7m/s for the peak ebb. This suggests the model is 
reproducing valid flow speeds in the Sound. 
C. Results 
1) Power Production 
Figure 8 shows the location of the nine devices in relation 
to the peak spring velocity seen at each node over the 30 day 
model run. Whilst it appears the devices are in a non-optimal 
position, their location is limited to the extent of the leasing 
zone. Table 1 shows the energy output of each of the nine 
devices over a spring-neap cycle (29.5 days). The total output 
of the array, is 1.32 GWh. This equates to 15.87 GWh per 
annum.  
It can be seen that some devices perform better than others. 
Figure 7 shows the power produced by Turbine 1 and Turbine 
4, the smallest and largest producers respectively. It can be 
seen that Turbine 4 reaches rated power regularly over both 
spring and neap cycles, whereas, Turbine 1 almost never 
reaches rated power. This is because the flow speed at this 
location rarely exceeds 2m/s, less than the rated speed. The 
strong disparity between the flood and ebb cycle is clearly 
shown in the power output, with 2 to 3 times more power 
produced on the flood. 
 
Figure 7.  Power production from smallest and largest producing turbine over 30 day model run 
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Figure 8.  Device locations and peak spring velocity 
TABLE I.  POWER PRODUCTION 
Device Energy (MWh) 
1 111.20 
2 123.52 
3 129.16 
4 177.28 
5 145.00 
6 151.51 
7 163.56 
8 155.20 
9 166.44 
Total 1322.86 
 
2) Influence of tidal array 
A harmonic analysis was conducted on the base case and 
the turbine case to determine the tidal constituents of the 
model. By comparing the two cases, it was possible to 
determine the influence of the array. The main constituents 
changed as a result of the tidal array are the M2 and S2. Figure 
9 shows the changes to M2 UV component.  
It can be seen that the largest reduction in the M2 UV 
amplitude at the turbine locations is 0.40 m. This is equivalent 
to a 16% reduction. The wake of the array extends ~6km south 
and 10km north. In order to maintain momentum around the 
area, an area between the array and the headland sees an 
increase in the M2 amplitude of 0.19 m. The spatial extent of 
the changes to the S2 constituent is similar to that shown in 
Figure 5. However, the scale of change is much smaller. The 
largest reduction at the turbine locations is 0.08 m, which 
represents a 17% change.  
Black & Veatch [11] defines a ‘Significant Impact Factor’ 
(SIF) “a percentage of the total resource at a site that could be 
extracted without significant economic or environmental 
impact”, suggesting a value of 20%. The results gained in this 
study therefore, suggest that the zone of influence is quite 
small and acceptable. However, investigation of the effect 
farther afield, described in the following section, suggests a 
different outcome. 
 
Figure 9.  Changes to amplitude of M2 tidal constituent  
3) Far-field effects 
If Figure 9 was used to determine the spatial extent of the 
influence of the tidal array, then this would be an under-
representation of the effect of the array.  Ramsey Sound is a 
very turbulent environment due to its complex bathymetry. As 
a result there are many sources of disturbance. However, the 
biggest source of disturbance is Ramsey Island itself, where the 
flow of water through the Sound rejoins the main flow around 
the west of the island. Robinson [12] describes how “a 
discontinuity in velocity can occur when two separate streams 
of water from different bays, having different stagnation 
pressure or total head, meet at a sharp headland. The 
discontinuity of velocity is a vortex line that will gradually 
diffuse into the surrounding water”. It can be seen in the model 
that large eddy structures form off Ramsey Island on the flood 
cycle, propagating northwards along the coastline. When the 
tidal array is introduced, the wake of the array on the ebb 
influences the next eddy formed on the flood. This new 
disturbance then cyclically continues to alter the surrounding 
flow changing how other eddies propagate from the Bishop & 
Clerks. These disturbances can travel significant distances 
leading to the far field effects shown in Figure 10. 
Figure 10 shows the range of difference caused by the 
array. The effect of the array is calculated by subtracting the 
magnitude of velocity at each node of the mesh of the turbine 
run from the magnitude of the velocity in the base case. This is 
done for each time step, producing a temporally and spatially 
varying difference between the two models. A resulting 
positive value indicates an increase in speed and a negative 
value a decrease. The range of difference is the difference 
between the maximum increase and decrease at each node over 
the whole model run. Comparing Figures 8 and 9, the influence 
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of the tidal array is much greater. The main area of influence 
extends 22km south west and 17km north east of the array. 
Whilst small, effects are seen in Skromer Sound 36km away.  
The principle effects of a tidal turbine on the benthic 
environment are caused by alterations to bed characteristics, 
sediment transport regimes and suspended sediment 
concentrations. Pembrokeshire is an area of medium-high 
suspended sediments [13]. Typically, areas of high tidal flows 
are of harder substrates and suspended sediments do not stay 
long in the area, suggesting the area directly around a tidal 
array will not greatly change. These far field effects are likely 
to have a greater impact on sediment dynamics, potentially 
altering the benthic habitat. However, it is important to note 
that this is a purely hydrodynamic model with no atmospheric 
forcing. The position and dispersion of eddies in this area will 
naturally vary with winds. Fauna and flora that live in this area 
will already be adapted to the large variability in the 
hydrodynamic conditions. Therefore, the environmental impact 
of the tidal array may not be as significant. 
 
Figure 10.  Far field effects 
V. CONCLUSION 
Investigations of tidal arrays are particularly site specific 
and no generic value of impact can be made. If a tidal array is 
sited such that it does not influence areas of vorticity 
generation, then impacts can be greatly reduced. However, the 
sites of interest around the UK are typically in turbulent 
environments. The results show the need for high resolution 
modelling, at an appropriate scale, to enable the complex 
features of the environment to be correctly resolved. 
Tidal arrays can alter complex hydrodynamic processes and 
lead to far field effects greater than just the direct wake of the 
turbines. These alterations could drive significant change to 
benthic habitats through changes in bed characteristics and 
sediment dynamics although further investigation is required. 
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